Regulation of the Hippo signaling pathway is essential for normal organ growth and tissue homeostasis. The proteins that act to regulate this pathway are important for ensuring proper function and cellular location. Deubiquitinases (DUBs) are a family of proteases that act upon many proteins. While ubiquitinases add ubiquitin and target proteins for degradation, DUBs act by removing ubiquitin (Ub) moieties. Changes in ubiquitin chain topology results in the stabilization of proteins, membrane trafficking, and the alteration of cellular localization. While the roles of these proteins have been well established in a cancer setting, their convergence in cancer is still under investigation. In this review, we discuss the roles that DUBs play in the regulation of the Hippo signaling pathway for homeostasis and disease.
Introduction
The addition of ubiquitin, the most common posttranslational modification, marks proteins for degradation, alters their function, or changes their signaling processes. 1 The linkages and types of ubiquitin chains determine the fates of target proteins. The conjugation of ubiquitin to substrates is a 3-step process. The initial step requires an E1 activating enzyme, which is catalyzed in an ATP-dependent manner. The second step covalently links the ubiquitin to an E2 intermediate enzyme. The final step, which confers the specificity of this system, transfers the ubiquitin moiety to an E3 ligase. 2 The E3 ligase then links ubiquitin to its substrate, driving the alterations of its target protein ( Fig. 1) .
As with most cellular processes, the addition of ubiquitin is a reversible process. The deubiquitinating of enzymes allows for the removal of ubiquitin from proteins, changes their cellular localization, rescues them from degradation and alters their function (Fig. 1) . The human genome encodes for w100 deubiquitinases (DUBs) in five major families ( Fig. 2 ). 3 The largest family of deubiquitinating enzymes is the ubiquitin specific proteases (USPs). USPs have a highly conserved USP domain, which allows direct binding to ubiquitin. 4e6 The second family of DUBs, ubiquitin c-terminal hydrolases (UCHs), is named for their Cterminal domain. These DUBs preferentially bind to small leaving groups and are thought to be involved in processing trapped ubiquitin. 7 The ovarian-tumor related proteases (OTUs), contain a conserved cysteine domain that allows for their DUB activity. 8 The Josephin family of DUBs is closely related to the USP and UCH families, but has a conserved Josephin domain. The final family of DUBs is the JAMM/MPN þ metalloproteases. This family of proteases often requires a protein partner to be enzymatically active. 9 A comprehensive list of the known DUB family members was reviewed by Nijman et al and is summarized in Fig. 2 . 10 DUBs function by processing ubiquitin gene products, remodeling poly-ubiquitin chains, and reversing the process of ubiquitin addition to target proteins. The activity of DUBs, like other enzymatic proteins, is tightly controlled by cleavage specificity, ubiquitin recognition, linkage preference, positioning specificity, and substrate and/or protein recognition. 11 There are a large number of reviews covering the activities and structures of deubiquitinating enzymes in the existing literature. 6,8,12e14 Here, we review the known deubiquitinating enzymes that function to activate or suppress the Hippo signaling pathway and how these interactions may be altered in cancer.
The role of deubiquitinating enzymes in cancer
Deubuiquitinating enzymes play an important role in cancer from supporting primary lesions to driving tumor cell dissemination and metastasis. Through genomic analysis a much-needed understanding of how these enzymes can be used as markers for cancer aggressiveness has been gained. Ge et al recently reviewed the importance of understanding the DUB landscape by using integrative genomics analysis. 15 To target DUBs therapeutically, a large amount of data has been compiled which demonstrates the importance of these enzymes in cancer. BRCA-1 associated protein 1 (BAP1), is a member of the UCH family of DUBs and is a potent tumor suppressor. BAP1 is associated with hematopoietic cell development. Loss of BAP1 can cause myeloid neoplasia's and myelodysplastic syndrome. 16 CYLD, a gene that was initially discovered in 2000 and shown to have tumor suppressive functions, controls the activity of nuclear factor kappa B subunit 1 (NF-kB). 17 Upon receptor stimulation by nuclear factor-kappa B essential modulator (NEMO), TNF receptor (TNFR) associated factors (TRAF-2) and (TRAF-6) are modified by ubiquitination to activate IƙB kinase and target these proteins for degradation. The removal of ubiquitin moieties by CYLD from NEMO, TRAF-2, and TRAF-6 reduces NF-kB signaling, resulting in a tumor suppressive function of CYLD. 18e20 In Ewing Sarcoma, which commonly occurs due to fusion proteins that lead to transformation, USP6 has been shown to be fused to Osteoblast Cadherin 11. 21 The constitutive activation of USP6 can lead to actin remodeling, endocytosis, and membrane trafficking, allowing it to perform oncogenic functions. 22, 23 The OTU family of DUBs can act on various proteins affecting their functions. OTU-A20 has been shown to remove Ub from several NF-kB signaling enzymes, reducing the lifespan of these proteins. The reduction of these enzymes can lead to B-cell and T-cell lymphomas, as well as Burkett's lymphoma. 24 This enzyme has also been shown to have tumor-suppressive functions related to the control of inflammation. 25 USP9 can stabilize Wnt signaling effector bcatenin, driving the formation of many cancers. USP9 also has the ability to remove Ub from SMAD4, restoring its functionality and tumor promoting activities. 26 Loss of p53 is known to promote tumorigenesis in various cancer types. The loss of USP22 can reduce the transcription of Myc and p53 by removing Ub from H2B. 27 USP3 and USP21 also have functions in chromatin modification, leading to aberrant gene transcription. 28 Loss of USP3 results in defects of the cell cycle, while USP21 can promote regenerative functions in hepatocytes. Whether these gene transcription alterations occur in known tumor suppressor or oncogenic promoter regions requires further study. USP1 has been shown to be involved in the Fanconi Anemia pathway, leading to a reduction in DNA repair. 3 Increased DNA damage can lead to genomic instability, a hallmark of cancer initiation and progression. USP2A has both tumor suppressive and oncogenic functions. USP2A deubiquitinates MDM2/MDMX leading to increased p53 protein levels. 29 It also binds to Aurora-A, a protein essential for centrosome duplication, ensuring proper mitosis. 30 Overexpression of USP2A has been seen in prostate cancer due to its androgen regulation. 31 A summary of the tumor suppressive or oncogenic function of these DUBs can be found in Table 1 .
Hippo signaling pathway
The Hippo signaling pathway, an evolutionarily conserved pathway, was first identified in Drosophila melanogaster and found to control cell proliferation, apoptosis, and organ size. This pathway is necessary for normal tissue growth and repair, and disruptions to or aberrations of Hippo signaling are involved in tumorigenesis. 38e41 The progression of breast cancer can be driven by the activation of its effector molecules, YAP (yes-associated protein) and TAZ (transcriptional co-activator with PDZ binding motif). Following nuclear translocation, YAP and TAZ activity promotes various phenotypes associated with breast cancer progression including; epithelial to mesenchymal transition, epithelial stem cell regeneration, and therapeutic resistance. 42 Hippo signaling is involved in regulating important cellular processes including cell cycle progression and apoptosis, therefore a tight regulation of this pathway is necessary to ensure cellular homeostasis. Through activation by various external stimuli, Hippo signaling results in a serineethreonine kinase cascade. 43 In mammals, mammalian Ste20-like serine/threonine kinase 1/2 (MST1/2) is phosphorylated. Following proteineprotein interactions with Salvador (SAV), large tumor-suppressor kinase 1/2 (LATS1/2) are then phosphorylated. 44e47 In concert with protein tyrosine phosphatase and kidney and brain expressed protein (KIBRA) LATS1/2 phosphorylates the key effectors of Hippo signaling, YAP and TAZ. 46, 48 YAP and TAZ activity is regulated via interactions with 14-3-3 proteins and sequestering of YAP/TAZ in the cytoplasm. When phosphorylated bTrCP is recruited to YAP/TAZ, this leads to ubiquitination and subsequent proteasomal degradation (Fig. 3 ). 48 The Hippo signaling pathway and cancer
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Interacts with MDM2 complexes proliferation, a major aspect of neoplasia. Insensitive to apoptosis is also central to carcinogenesis. Overexpression of YAP has been shown to block TNF-alpha and FAS-induced apoptosis in the liver, driving cell survival. 49 Competition between healthy cells and neoplastic cells can lead to drug resistance, cancer progression, and metastasis. Overexpression of Yki, a YAP homolog present in Drosophila, has the ability to give a survival advantage to cells, leading to drug resistance. 50 The maintenance of stem cells is also a major hallmark of cancer. YAP and TEA domain family member 1 (TEAD1) have been shown to be enriched in stem cells. 51 YAP/TAZ has also been shown to promote the pluripotency of embryonic stem cells, as well as the control of mesenchymal stem cell differentiation. 52e54 The major regulators of the Hippo signaling pathway have been shown to be dysregulated in a multitude of cancers and many reviews offer in-depth explanations of the various alterations seen in the Hippo signaling pathway and cancer. 55e58 While it is widely understood how the ubiquitin-proteasome system regulates the Hippo signaling pathway, 59 much less is known about the DUBs that act on this pathway.
Inhibitory DUBs of the Hippo signaling pathway
YOD1 is a member of the ovarian tumor family of DUBs. YOD1 cleaves both poly-ubiquitin and di-ubiquitin chains and is associated with endoplasmic reticulum associated degradation for misfolded proteins. 60 In 2017 Kim and Jho et al showed that YOD1 can remove ubiquitin from the E3 ligase ITCH, resulting in ITCH stabilization (Fig. 4) . The WW domain of ITCH interacts with the PPxY motif of LATS1/2 and promotes the degradation of LATS1/2 proteins. 61 This reduction in LATS protein levels results in the translocation of YAP/TAZ to the nucleus and drive the transcription of genes involved in cell cycle progression. The co-expression of YOD1 and YAP in liver cancer patients proves that targeting this DUB may be used as a therapeutic intervention. OTUB2, a member of the ovarian tumor family, has been shown to stimulate cancer stem cell traits and sustain circulating tumor cells and metastasis. Recently, OTUB2 has been shown to bind directly to and activate YAP/TAZ. 62 For this interaction to occur, OTUB2 must be sumoylated. The sumoylation of OTUB2 allows it to interact with the sumoylation interaction motif found in YAP/TAZ. This allows for YAP/TAZ to interact with TEAD transcription factors and drive tumorigenic phenotypes both in vitro and in vivo. Targeting OTUB2 sumoylation could reduce its ability to interact with YAP/TAZ, resulting in YAP/TAZ degradation.
OTUD1 was recently shown to regulate YAP in a Hippoindependent manner. 63 K63-linked polyubiquitination of YAP allows nuclear translocation and interaction with TEAD family transcription factors. OTUD1 can remove these ubiquitin moieties, resulting in YAP cytoplasmic retention and reduction in growth promoting phenotypes.
Activating DUBs of the Hippo signaling pathway USP9X, a member of the ubiquitin-specific protease family of DUBs controls angiomotin (AMOT) levels in vitro. AMOT is a junction-associated scaffold protein known to be involved in the Hippo signaling pathway. 64 The PPxY motif in AMOT binds to and represses the function of YAP/TAZ through interaction with the YAP/TAZ WW domain, allowing for the degradation of these proteins. 65 In the absence of AMOT, YAP/TAZ are able to translocate to the nucleus and drive target gene expression. USP9X binds to and removes ubiquitin from AMOT, leading to a reduction in YAP/TAZ activity. This reduction in YAP/TAZ leads to a decrease in tumorigenic potential. 66 DUB3 is a member of the USP family and belongs to a subfamily of cytokine-inducible DUBS. 67 DUB3 can directly interact with AMOT and LATS to regulate YAP. Nguyen et al showed that AMOT and LATS1/2 are required for the DUB3 repression of YAP. While DUB3 can also act on and stabilize ITCH protein levels, its interaction with AMOT and LATS1/2 confers control of YAP turnover. 68 By removing ubiquitin from both of these proteins, there is dual repression of YAP nuclear translocation.
USP11 has been recently shown that control VGLL4 protein stability. 69 VGLL4 is known to block the interaction between YAP and TEAD to reduce cell proliferation and migration. 70 By removing ubiquitin moieties from VGLL4, USP11 allows for increased expression of VGLL4, modulating the interaction between YAP-TEAD complexes.
USP21 has been shown to control YAP levels by increasing microtubule affinity-regulating kinase (MARK). 71 MARK proteins serve as regulators of LATS1/2 kinase. 72 The loss of USP21 increases MARK turnover, resulting in increased YAP/TAZ nuclear localization. The binding of YAP/TAZ to TEAD can then drive oncogenic transformation through transcription of genes associated with cell-cycle progression and anti-apoptosis.
Discussion
Many studies reveal that Hippo pathway components contribute to cancer; however, it is not known why mutations are so rare. Due to the low amount of germline mutations in this pathway (with the exception of neurofibromatosis type II (NF2) and TAZ) external signaling nodes are crucial to control this pathway. Other signaling pathways that converge on the Hippo pathway may harbor genetic mutations, which in turn can change the fate of Hippo signaling genes through bypassing the normal kinase cascade. Understanding of these molecular triggers could help define the genetic landscape of Hippo dysregulation in cancer.
The extracellular matrix has the ability to regulate YAP/ TAZ activity. 73 At high or low density there are actin and cytoskeletal reorganization, mechanical cues that YAP/TAZ can sense. Merlin, Expanded, KIBRA, and CRUMBS interact with the cytoskeleton and drive Hippo signaling. As previously mentioned, AMOT has the ability to inhibit YAP/TAZ activity by binding to tight junctions, independent of their phosphorylation status. 65, 74 The most prominent pathways that regulate Hippo signaling cascades are GPCRs, epidermal growth factor, bone-morphogenic protein, TGFb, WNT, and Notch. The crosstalk with these signaling pathways can increase or decrease YAP/TAZ activity.
Based on what is known about external crosstalk, finding novel genes related to Hippo signaling is needed. Understanding of how the ubiquitin proteasome system regulates this pathway may lead to new avenues for therapeutic intervention in cancer. Understanding of how ubiquitin, more directly E3 ligases, interact with Hippo signaling has been well studied. The lack of knowledge about DUBs and their effect on this pathway offers an important starting point for new drugs. In this review we summarized what is known about the DUB enzymes that activate or repress this pathway. Further studies on the post-translational modifications (more specifically the DUBs that act on this pathway) could lead to potential therapeutic leverage points in cancer progression and metastasis.
